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I.  MANAGEMENT  REPORT 


A.  Summary 

During  the  last  three  years  we  have  demonstrated  GaAs  acoustoelectric 
convolvers  operating  in  a  nonlinear  resistive  mode,  Rayleigh  wave  ZnO/Si  p-n 
diode  and  Schottky  diode  storage  convolvers  and  storage  correlators,  and  edge- 
bonded  transducers.  We  have  demonstrated  monolithic  Sezawa  wave  storage 
correlation  with  36  MHz  bandwidth,  32  dB  input  dynamic  range,  and  65  dB 
output  dynamic  range.  A  reactive  magnetron  sputtering  system  has  been 
constructed  and  used  to  fabricate  the  above  devices.  The  films  have  been 
extensively  characterized  and  the  optimum  deposition  parameters  determined. 
Ghost  cancellation,  spurious  signal  suppression,  and  Impulse  response 
improvement  of  a  bulk  wave  transducer  have  been  demonstrated  using  a  novel  SAW 
storage  correlator  adaptive  filter  in  which  all  calculations  are  performed 
inside  the  storage  correlator  without  the  need  for  an  external  microprocessor. 

B.  Research  Plan 

This  is  a  final  report  on  the  present  contract.  A  renewal  contract  is 
expected  and  we  intend  to  continue  our  present  work  on  the  new  contract,  the 
main  aim  will  be  to  demonstrate  applications  of  the  surface  wave  correlator  as 
an  adaptive  filter  to  remove  interfering  echoes  and  distortion  in 
nondestructive  testing  applications.  For  that  purpose,  we  intend  to  build  a 
reliable  device  with  e  tremely  low  feedthrough  signals,  and  we  are  aiming  at  a 
dynamic  range  of  over  40  dBs  and  as  near  to  60  dBs  as  we  can  obtain. 
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C.  Major  Accompli shments 

The  major  accomplishment  on  this  program  is  the  demonstration  of  a 
surface  wave  storage  correlator  adaptive  filter  in  a  monolithic 
configuration.  We  have  demonstrated  for  the  first  time  that  by  using  a 
feedback  loop,  the  device  can  be  programmed  to  filter  out  distortion.  We 
therefore  believe  that  the  device  has  great  potential  for  removing  ghost 
signals  in  television  and  for  removing  unwanted  echoes  and  distortion  in 
nondestructive  testing,  radar,  and  communications  applications. 

The  second  major  accomplishment  is  to  place  the  zinc  oxide  technology  on 
a  firm  and  reproducible  footing.  When  we  started  this  program,  our  zinc  oxiae 
devices  and  those  of  other  laboratories  were  highly  unreproducible.  Now  most 
of  the  devices  work  as  predicted,  and  the  zinc  oxide  always  gives  high 
coupling.  We  have  also  used  a  magnetron  sputtering  system  with  a  zinc 
target.  This  makes  it  far  easier  to  obtain  a  pure  materia1  for  the  target. 
Thus  the  system  is  much  easier  to  use  than  the  equivalent  Japanese  system 
employing  a  ZnO  target. 

0.  Problems  Encountered 

None  encountered. 


E.  fiscal  Status 

Total  amount  of  contract 
Expenditures  4  commitments  through  11/14/80 
Estimated  funds  required  to  complete  work 
Estimated  date  of  completion  of  work 


$504,302 
5504,302 
-  0  - 

14  November  1980 
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F_. _ Action  Required  by  DARPA/ONR 

At  the  time  of  writing,  we  have  still  not  received  the  renewal  contract, 
although  it  has  been  approved  by  DARPA.  This  is  causing  serious  financial 
problems  and  implies  that  the  work,  including  the  writing  of  reports,  is  going 
far  slower  than  we  would  wish. 
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II.  TECHNICAL  PROGRESS  REPORTS 


A.  ZnO  Planar  Magnetron  Sputtering 

During  the  last  three  years,  a  ZnO  planar  magnetron  sputtering  system  was 
designed  and  built,  and  over  150  depositions  have  been  made.  The  results  from 
this  system  are  much  more  reproducible  than  from  the  previous  rf  sputtering 
system,  and  better  orientation  of  the  ZnO  layers  has  been  achieved. 

In  the  past  six  months,  we  have  continued  extensive  characterization  of 
the  ZnO  layers.  Many  of  these  results  are  included  in  Appendix  C.  The 
dependence  of  orientation  (as  measured  by  REDs)  on  substrate  to  target  spacing 
Is  shown  in  Fig.  6.  The  dependence  of  orientation  on  substrate  temperature  is 
shown  in  Fig.  7.  Clearly,  the  sputtering  correlations  for  optimum  orientation 
are  a  500°C  substrate  temperature  and  4.2  cm  spacing.  The  resistivity  of 
these  layers  is  consistently  extremely  high  (1010  flcm  to  10*2  S!cm)  . 
Composition  measurements  do  not  show  any  impurities  in  the  ZnO  layer  down  to 
the  FDAX  detection  limit. 

B.  Adaptive  Filtering 

A  major  application  of  SAW  storage  correlators  has  been  the 
implementation  of  a  SAW  storage  correlator  based  adaptive  filter.  The 
adaptive  filter  was  used  for  echo  cancelling®  and  to  improve  the  impulse 
response  of  a  bulk  wave  transducer,®  These  results  have  been  summarized  in 
the  literature®’9  and  in  past  progress  reports.*0  The  main  feature  is  very 
fast  adaptation  rates,  typically  100  -  500  us  and  good  supression  tin  - 
15  dB)  of  echoes  and  other  distortions.  The  main  limitation  was  the  narrow 
bandwidth  (8  MHz}  of  the  ZnO/Si  Rayleigh  wave  device  used  in  the 
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experiment.  This  work  is  being  repeated  with  our  broadband  Sezawa  wave 
storage  correlator. 

C.  GaAs  Convolver  and  Edge-Bonded  Transducers 

A  problem  with  ZnO/Si  devices  which  was  consistently  encountered  during 
the  previous  contract  was  the  deposition  of  reproducibly  oriented  ZnO  layers 
on  Si O2  in  the  interaction  region.  The  use  of  GaAs  as  a  substrate  eliminates 
this  problem  since  GaAs  is  weakly  piezoelectric  and  ZnO  would  not  be  needed  in 
the  interaction  region. 

GaAs  convolvers  with  ZnO  on  the  ends  for  higher  coupling  to  interdigital 
transducers  (IDTs)  were  constructed  (see  Fig.  1).  These  devices  had  high 
efficiency  (-62  dBm)  due  to  the  use  of  the  nonlinear  resistive 
characteristic  of  a  diode.  This  was  the  first  demonstration  of  a  nonlinear 
SAW  device  which  used  the  nonlinear  resistive  component.  All  other  SAW 
convolvers  use  the  nonlinear  capacitance  effect. 

The  SAW  coupling  coefficient  for  ZnO/GaAs  devices  is  low  and  even  lower 
for  GaAs  alone.  This  results  in  narrow  bandwidth  devices.  To  obtain  broad 
bandwidth  devices  on  GaAs,  an  attractive  alternative  to  IDTs  is  the  use  of 
Edge  Bonded  Transducers  (EBTs)  (Fig.  2).  With  the  use  of  EBTs,  100  MHz 
should  be  achievable,  and  ZnO  would  not  be  needed  at  all  on  the  device.  A 
number  of  ERTs  were  fabricated,  and  a  theory  of  EBTs  was  developed.1  These 
transducers  worked  well  for  center  frequencies  below  50  MHz  ;  however,  in 
spite  of  manufacturers  claims,  we  were  unable  to  obtain  a  piezoelectric 
ceramic  which  would  wori'  at  100  MHz  or  more  without  being  excessively  lossy. 

At  the  same  time,  a  planar  magnetron  ZnO  sputtering  system  was  designed, 
constructed,  and  extensively  tested^  (see  next  section).  With  this  new 


5 


system,  high  quality  oriented  ZnO  layers  on  Si02  were  reproducibly  obtained, 
and  all  of  our  effort  was  shifted  to  ZnO/Si  devices. 

0.  Comparison  of  Approaches:'  Bandwidth  Loss  Calculation 

A  series  of  calculation  were  made5  which  compared  the  potential  bandwidth 
obtainable  from  LiNbOj  airgap  devices,  ZnO/Si  Rayleigh  wave  devices,  and 
ZnO/Si  Sezawa  wave  devices.  The  results  are  given  in  Fig.  3  which  -.hows  the 
bandwidth  loss  relationship  for  each  of  these  devices.  As  expected,  LiNbO} 
IOTs  are  much  better  than  ZnO/Si  Rayleigh  wave  devices.  However,  the  use  of 
the  Sezawa  mode  in  ZnO/Si  is  just  as  good  as  LiNbOj  and  has  the  advantage  of 
being  capable  of  integration  with  other  integrated  circuit  devices  on  the 
silicon  chip. 

E.  Sezawa  Have  pn  Diode  Storage  Correlators 

Sezawa  wave  delay  lines  with  42  MHz  bandwidth  and  18  dB  loss  were 
fabricated. ^,5  Sezawa  wave  convolvers  with  high  efficiency  (-50  dBm)  were 
constructed  and  demonstrated.  Sezawa  wave  storage  correlators  with  an 
efficiency  of  -60  dBm  were  constructed  and  demonstrated  in  chirp  and  Barker 
code  compressions  during  the  last  six  month  period. t  The  details  of  this  work 
are  presented  in  Appendix  A.  With  appropriate  tuning  networks,  37  MHz 
bandwidth  (257.  bandwidth)  as  a  storage  correlator  has  been  achieved.5  This 
is  over  4  times  as  large  as  the  bandwidth  attained  with  our  Rayleigh  wave 
ZnO/Si  correlators  and  is  a  comparable  performance  to  Li NbC3  devices  operating 
at  the  same  center  frequency. 


F.  Schottky  Diode  Storage  Correlators 

In  our  initial  efforts  at  making  ZnO/Si  storage  correlators,  we  have  used 
pn  diodes  as  the  storage  elements.  Their  advantage  is  the  relative  ease  with 
which  they  are  fabricated.  Their  major  disadvantage  is  the  fact  that  1  ps 
charging  pulses  are  needed  to  fully  charge  up  pn  diodes.  This  means  that  the 
efficiency  of  a  pn  diode  correlator  will  fall  rapidly  when  one  tries  to  store 
modulated  signals  that  have  a  data  rate  faster  than  1  MHz  . 

In  order  to  eliminate  this  problem  we  have  developed  Schottky  diode 
storage  correlators.  We  have  demonstrated  the  ability  of  a  Schottky  diode 
correlator  to  store  efficiently  using  a  pulse  width  of  1  ns  J  thus  making 
the  ZnO/Si  transducer  bandwidth  the  limiting  bandwidth  as  opposed  to  tahe 
diode  response  characteristic.  The  details  of  this  work  are  included  in 
Appendix  B. 

The  Schottky  diode  correlators  we  have  constructed  to  date  are  efficient 
(-64  dBm)  and  have  good  storage  times  (10  msec)  .  Combining  the  use  of 
Schottky  diodes  with  Sezawa  mode  transducers,  we  expect  soon  to  be  able  to 
demonstrate  very  efficient  40  MHz  bandwidth  devices  in  spread  spectrum  and 
adaptive  filtering  experiments. 

G.  Large  Area  Devices 

In  the  past,  each  SAW  device  has  been  made  individually.  We  have  begun 
processing  arrays  of  devices.  A  photo  of  a  4  cm  x  4  cm  ZnO/Si  wafer  viewed 
under  green  light  is  shown  in  Fig.  4.  As  can  be  seen,  a  problem  we  have 
encountered  is  uniformity  of  the  thickness  of  the  ZnO  layer..  A  new  target  has 
been  constructed  which  should  improve  the  thickness  uniformity  by  a  factor  of 
5  .  We  are  encouraged  by  the  fact  that  the  P.E.D.  measurements  indicate 
excellent  orientation  uniformity  across  the  entire  wafer.  A  photo  of  a  water 
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of  70  Sezawa  wave  waveguided  convolvers  is  shown  in  Fig.  5.  More  testing  of 
this  wafer  is  needed  to  determine  yield  and  device  performance. 
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Figure  Captions 


1.  Schematic  drawing  of  a  GaAs  storage  correlator. 

2.  Schematic  drawing  of  an  edge-bonded  transducer. 

3.  Theoretical  minimum  loss  obtainable  as  a  function  of  bandwidth  based  on 
Ref.  3. 

4.  Photo  of  a  4  cm  x  4  cm  silicon  substrate  with  8  urn  of  ZnO  viewed 
under  green  light. 

5.  Photo  of  a  wafer  of  70  Sezawa  wave  waveguided  convolvers. 

6.  REP  measurements  of  ZnO  layers  grown  at  different  spacings. 

7.  RED  measurements  of  ZnO  layers  grown  at  different  temperatures. 
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DRAWING  OF  GQ  AS  MONOLITHIC  CONVOLVER 


Figure  1 
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AN  CDGE  BONDED  TRANSDUCER 


Figure  2 
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FIGURE  4 
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Abstract 

ftonoiithic  Setswt  neve  convolvers  with  an  i((l. 
c|*»eyof  -SO  dta  and.  a  bandwidth  o/:s 
demonstrated  in  a  nuaber  of  Barker  code  and  chin 
csnynssion  experiments.  '  Extensive  data  is  we- 
seated  on  a  aonolithic  fozawa  wave  storage  cesreia* 
*•*  *"“t,rn*1  lorrelatian  efficiency  of 

-«  dta  and  a  bandwidth  of  3J  iffs  ,  The  innut 

5**1**  4‘  ««.  and  the  output  la  lie  early 
*°  ‘be  readout  voltage  over  a  rente  of  * 

IffSe'e/SuS1'.*1-  **P,ri“Bt*4  nsulta  on  the 
ff  -  *  iUp,r,lon  *»  correlation,  input  corrals- 
tied,  and  convolution  are  presented.  It  is  Bound 
that  dispersion  in  Snuwa  wave  Convolvers  with 

tl  £*!!*"  '*?i*n*  1Ult‘  *»•  “**«•  Snd- 

’  ***’  '  variation  of  group  velocity 
with  frequency  was  ataturtd  ovsr  a  70  Wt  rang# 
of  frequancloa  and  found  to  bo  In  food  agreement 
with  theoretical  prediction!.  1 


1.  Introduction 

Surface  acouatlc  wave  (SAW)  convolvers  and  ator- 
h‘v*  nsda  using  a  aonolithic, 
t!!t"-fu»  oppryacb  'typically  :nO/S»l.J  or  hybrid 
arrangeaents  where  a  piezoelectric  substrata  la 
pressed  against  s  semiconductor. M  fha  aonolithic 
approach  hai  tha  advantages  of  raggednats.  rnallar 
'*'!•  e!^r.!puri0,f,  cod  potentially  lower 

22'iJt* ertunetely,  these  devices  have  had  nerrow 
bandwidth!  (5  to  :o  mi  .  dapping  on  the  disHn 
and  electronic  nimetch  loss5)  due  to  the  snail 
coupling  coefficient  of  the  flrat  hv/v  peak  of 

Serawa  node  (second  Rayleigh  node)  hai  t  much  hleher 

si'll!!!  COefL‘':i"!  '’  f™«loiul  bandwidth! 

as  large  ts  those  obtained  with  LiNbO,  devices  ars 
theoretically  possible. S  3 


**4  cC‘workfrs3.3  have  fabricated 

b!!dmdlh!  ?,oro*'  torroiators  with 

Dsndwidtbs  of  U\  and  with  external  efficiencies 
Of  -57  IB,  and  -103  dBn  .  respectively  la  thi, 
paper,  we  present  results  on  Serawa  wave^onvoivers 

and  external  efficiencies  of  -SO  dta  and  .63  dta 
T”f  !'**uUs  a(  *«*«  =«ie  and  ch.rj’ 
M  «P«ri»ents  are  also  presented,  and  data 
on  the  dependence  of  the  output  voltage  on  the 
acoustic  and  read  voltages  range  is  gf'en  n, 
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problen  of  dispersion  In  these  devices 
dentally  and  theoretically  examined. 


is  experl- 


3.  Exptriuental  Considerations 

A  schematic  drawlnj  of  a  aonolithic  storace 
correlator  t<  shown  in  Fig.  I,  the  biggest  differ. 

'5*  f*3"?4*11  "*v«  end  Sezaws  wave  ver- 
‘  !h*  thlckn«‘  of  th‘ 

,  <*r-  *'J  the  Seuwa  node  device  and 

at’lBl  ilV  thrwR*aU.1,h  *0<,*  d,vic*  for  operation 

nooA^rL.  r**  fr*?!4  "•  b*tc*>  proceased  uaing 
m  5-10  Oca  silicon  wafers.  A  boron 
u,elt0  f«™ diodes  in  the  stor- 
ifltl  nl?!!  Ill  conv“lv,r  u*°d  In  the  expert- 
IS!!  S1!?.**?  th*  ‘“•device  configuration  as 

1  wcept  t,ltt  ther«  «•  no  p-n  diodes. 
Tho  ZnO  layer  wes  sputter-depotited  at  500*C  ualns 

thlrSir.-?!*!"",  ,puttwin«  syatea.  *®  The  ZnO 
thickness  (1.3  ua)  was  chosen  for  aaxiaua  Sezaws 

2i!  tIM)  S1  •ub,trat«sy  Four  finger 

pair  interdigital  transducers  (IBTs)  with  a  i  m 
bcaawidth  were  used. 


Figutu  1  -  Cross-sectional  drawing  of  a  aonolithic 
SAW  storage  correlator 


,or  she  storage  correlator  in  the  plate  to 
acoustic  readout  node,  a  signal  is  applied  to  the 
center  or  top  plate  port  to  read  out  the  signal 
stored  in  the  diode  array.  The  ends  of  the  top 
plate  generate  spurious  surface  waves,  unless  the 
ends  are  slanted  (Fig.  .’a)  or  configured  in  soae 
other  manner  to  reduce  the  spurious  waves  receiv'd 
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by  the  IDT  However,  this  causes  a  phase  distortion 
across  the  beam  since  the  SAh  velocity  in  the  metal- 
U:ed  region  is  different  from  the  unmetallized 
region  This  distortion  is  negligible  for  Ravieigh 
wave  devices.  However,  for  Sezawa  waves,  the  SAW 
coupling  coefficient  is  ouch  higher  (Av/v  »  .028)  ,y 
and  a  phase  distortion  of  13S6  occurs  for  a  beam- 
width  of  1  mm  (30  wavelengths)  and  a  slant  of 
28°  Consequently,,  a  configuration  such  as  that 
shown  m  Fig.  2b  wa.,  used  to  eliminate  phase  dis¬ 
tortion  but  still  reduce  spurious  SAW  generation. 


li  /  /  ii 


H<ure  2  -  Top  plate  metall nation  used  for  (a)  Ray¬ 
leigh  wave  storage  correlators,  and 
(b)  Sezawa  wave  storage  correlators 

Another  problem  associated  with  the  use  ot 
Sezawa  waves  and  four  finger  pair  IDTs  is  the  gener¬ 
al  ion  and  detection  of  bulk  acoustic  waves.  This 
problem  can  severely  limit  the  dynamic  range.  How¬ 
ever.  by  bonding  the  back  ot  the  substrate  to  a 
brass  carrier  box  with  indium  solder,  the  amplitude 
of  these  waves  has  been  reproducibly  reduced  by  more 
than  40  dB  .  The  acoustic  impedances  of  silicon, 
Jll<j  brass  are  13. 7  x  10"  and  31  x  10°  kjs/«r  , 
respect ivelv,  and  consequently,  after  a  number  of 
reflections  at  the  back  surface,  essentially  all  of 
the  bulk  *ave  energy  is  coupled  into  the  carrier 
box. 

This  technique  also  ensures  that  the  device  is 
well  grounded,  and  this  reduces  problems  with  direct 
electromagnetic  pick-up  between  the  different  ports 
at  the  device  The  direct  pick-up  can  be  reduced 
below  the  level  of  the  other  spurious  signals 
through  appropriate  shielding  and  grounding  tech¬ 
niques  l  storage  correlator  mounted  in  a  well 
shielded  box  is  shown  in  Fig.  3 

>.  Results  and  Discussion 
t  .sezawa  have  Convolver.* 

Results  rrom  bezawa  wave  convolvers  will  be 
presented  in  this  section.  Storage  correlator 
icsuits  will  be  presented  in  the  next  section,  and 
i  consideration  of  the  dispersion  problems  m  these 
devices  will  be  presented  in  the  tinal  section. 

Monolithic  Sezawa  wave  convolvers  with  an 
vtficiencv  ot  -30  dBm  at  153  .'Hz  have  been 


fabricated.  This  is  a  higher  efficiency  than  has 
been  reported  for  monolithic  Rayleigh  wave  convol¬ 
vers.*  The  efficiency  of  Rayleigh  wave  waveguxded 
devices  is  slightly  higher  than  the  Sezawa  wave 
convolver}* and  it  is  expected  that  the  efficiency 
of  waveguided  Sezawa  wave  convolvers  would  be  even 
higher.  The  3  dB  convolution  efficiency  band¬ 
width  was  25  Wz  with  the  use  of  3-element  tuning 
circuits  on  each  port.  Bandwidths  of  40  Miz  are 
obtainable  with  the  use  of  more  elaborate  tuning 
circuits  and  slightly  greater  mismatch  losses  5 


I  igure  3  -  Photo  ot  a  storage  correlator  and  the  box 
containing  tuning  networks.  The  top 
plate  tuning  network  is  shown.  Vccess 
to  the  acoustic  ■Batching  network  is 
through  the  bottom  ot  the  box. 

The  results'  ot  5  and  11  hit  Barker  code 
pulse  compressions  are  shown  in  I  igs.  la  and  4b, 
respectively  The  good  dynamic  range  and  uniformitv 
are  evident  troa  this  figure  -o  problems  with  dis¬ 
persion  were  evident,  even  when  ,ut  rates  of  10  Miz 
were  used. 

A  senes  of  chirp  correlation  experiments  were 
performed  to  see  if  dispersion  would  limit  the 
usable  tiL.e-bundwidth  product  ot  these  devices.  The 
experiments  used  :  s  long  durp  signals  of  vari¬ 
able  bandwidths  up  to  a  maximum  ot  23  'Hz  band¬ 
width  To  avoid  pulse  luoauening  due  to  the  non¬ 
linearity  ot  the  chirp  trequency  variation  with 
time,  one  chirp  generator  was  used,  and  its  output 
was'  mixed  with  2  vw  signals  to  generate  the  neces- 
•>ur'  up  and  down  chnp  signals  Using  ti.e  input 
23  'll:  chirp  shown  in  I  ig  *a,  the  compressed  out¬ 
put  pulse  is  shown  in  !  igs.  ‘b  and  k  The  4  J3 
pulse  width  is  44  us  ,  and  the  total  pulse  compres¬ 
sion  is  08  The  theoietical  xoapr^ssion  ts 
3  x  23  or  The  side lobes  are  not  as  small  as 

theoretically  expected,  nor  ire  the\  symmetric  about 
the  central  peak  This  is  due  to  the  fav t  that 
il)  the  variation  of  chirp  trequenev  with  time  is 
not  linear,  and  2)  the  amplitude  ot  different  tre¬ 
quenev  components  ot  the  input  chirp  carie.*  In  is 
much  as  2  dB  <  i  ig  5a i 


A-2 


1980  ULTRASONICS  SYMPOSIUM  -  119 


(a)  0.5  ps/div 


(b)  0.5/xs/div 

Figure  4  -  Barker  code  pulse  compression  using  a 

25  Mil  Sezawa  wave  convolver,  (a)  5  bit 
code;  (b)  11  bit  code 

The  fact  that  the  output  pulse  width  is  not 
Significantly  limited  by  dispersion  is  a  remarkable 
result.  The  varutiv  *  «n  group  delay  over  the 
23  Wz  bandwidth  is  .£  us  .  Thus,  one  might 
expect  the  minimum  output  pulse  width  to  be  of  this 
order  and  the  maximum  time  bandwidth  product  for 
this  device  to  be  30  .  However,  it  is  shown  in 
the  final  section  that  dispersion  limits  Sezawa 
wave  convolvers  to  a  usable  time  bandwidth  product 
of  roughly  80  . 

b.  Sezawa  Wave  Storage  Correlators 

Monolithic  Sezawa  wave  storage  correlators  have 
been  fabricated  with  an  external  correlation  effi¬ 
ciency  of  -63  dBm  when  all  three  ports  have  been 
tuned  to  50  ft  The  convolution  efficiency  of  this 
device  was  -56  dBm  .  When  broadband  tuning  cir¬ 
cuits  (Fig.  1)  were  used,  the  correlation  efficiency 
decreased  by  3  dB  ,  ana  the  bandwidth  was  32  Wz 
(Fig.  6).  All  of  the  following  results  were 
obtained  using  the  broadband  version  of  this  device. 
The  plate-to-acoustic  readout4  mode  was  used  in  each 
case. 


(a)  5  MHz/dlv 


(b)  0.2  /xs/div 


(c)  0.02/ts/div 

Figure  5  -  Chirp  compression  experiment,  (a)  Fre¬ 
quency  spectrum  of  input  chirp; 

(b)  and  (c)  Output  pulse 

The  correlation  of  two  square  pulse*'  is  shown 
in  Fig  7  The  input  dynamic  ;ange  of  this  device 
is  30  dB  ,  i.e.  the  triangle  peak  is  30  dB  above 
the  largest  spurious  signal  The  dependence  of  the 

correlation  output  voltage  on  acoustic  voltage  is 
shown  in  Fig.  8  as  a  function  of  the  input  acoustic 
voltage  The  dependence  is  linear  over  32  dB  . 
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The  dynamic  range  is  United  on  the  upper  end  by 
the  diode  saturation.^  The  dynamic  range  is 
United  on  the  lower  end  by  spurious  surface  waves 
excited  by  the  readout  signal  at  the  top  plate. 

The  spurious  signals  are  predominantly  generated 
by  defects  in  the  ZnO  layer.13  The  amplitude  of 
these  spurious  signals  is  proportional  to  the 
amplitude  of  the  readout  signal.  Hence,  the  out¬ 
put  dynamic  range  is  much  larger.  This  is  illus¬ 
trated  in  Fig.  9,  where  the  dependence  of  the  output 
correlation  power  on  the  readout  power  is  given. 

The  range  over  which  the  output  power  is  linearly 
related  to  the  readout  power  is  75  dB  .  There  are 
a  number  of  applications  where  this  large  output 
dynamic  range  can  be  exploited.  For  instance,  in 
adaptive  filtering,14"  the  filter  transfer  charac¬ 
teristic  is  stored  in  the  device,  and  then  it  is 
desirable  to  use  the  filter  in  situations  where  the 
power  level  of  the  filter  input  (readout  signal) 
may  vary  over  a  large  range.  This  device  is  ideally 
suited  for  that  purpose. 


Figure  6  -  Dependence  of  storage  correlation  effi¬ 
ciency  on  frequency. 


Figure  7  -  Upper  trace:  Storage  correlation  of  two 
square  pulses 

lower  trace*  Spurious  signals  generated 
by  the  readout  pulse  (2  us/div) . 

VA  »  10  V  ,  Vw  -  5  V  ,  VR  -  1  V  , 
tA  a  3.9  us  ,  ts  »  .S  us  ,  tR  *  3.9  us 

The  storage  correlation  of  two  5  bit  Barker 
codes  is  shown  in  Fig  10.  The  acoustic  signal  was 
modulated  with  one  Barker  code  and  stored  with  a 
100  ns  write  pulse.  The  other  Barker  code  was 


carried  on  the  readout  signal.  This  technique  has 
a  larger  signal -to- spurious  level  than  if  the  corre¬ 
lation  of  two  Barker  codes  is  stored  in  the  device 
and  read  out  with  a  100  ns  pulse.  The  reason  is 
that  the  readout  signal  excites  a  number  of  spurious 
signal  sources,  and  the  different  3  us  spurious 
signals  interfere  with  each  other. 


Figure  8  -  Dependence  of  the  output  correlation 
power  on  the  acoustic  power  PA 


Figure  9  -  Dependence  of  the  output  correlation 

power  on  the  readout  power  Pd  for  two 
acoustic  voltages  and  3  KHz  bandwidth 


A  number  of  different  chirp  correlation  experi¬ 
ments  were  performed  In  one  case,  a  chirp  is 
stored  in  the  device  with  a  50  ns  storing  pulse 
on  the  plate  port.  Another  chirp  was  applied  to 
the  plate  port  and  the  output  taken  from  the  acous¬ 
tic  port  opposite  the  input  acoustic  port.  5,  10, 
20,  and  28  KHz  chirps  were  used,  and  the  4  dB 
pulse  width  was  slightly  larger  than  th(  theoretical 
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width  in  each  case.  The  discrepancy  was  largest 
for  the  23  Ms  chirp  where  the  output  4  dB 
pulse  width  was  SO  ns  rather  than  the  theoretical 
(no  dispersion)  value  of  36  ns  . 


Figure  10  -  Tho  storage  correlation  of  a  S  bit 
Barker  code 


In  another  chirp  experiment ,  two  20  Mis  , 

100  us  long  chirps  were  input  correlated,  and  the 
output  read  with  a  SO  ns  pulse.  The  output  pulse 
4  dB  width  at  the  input  transducer  was  100  us  , 
yielding  a  pulse  compression  of  1000  .  Note,  how¬ 
ever,  that  the  theoretical  (no  dispersion)  compres¬ 
sion  is  3  times  larger.  The  output  at  the  oppo¬ 
site  transducer  was  200  us  wide,  yielding  a  pjlse 
compression  of  only  500  . 

c.  Effects  of  Dispersion 

Any  SAW  device  that  utilizes  a  layered  substrate 
will  be  dispersive,  and  the  degree  of  dispersion  is 
minimized  when  the  SAW  velocities  of  tho  layer  and 
substrate  are  almost  equal.  Unfortunately,  the  SAW 
velocity  of  ZnO  (2639  m/s)  is  significantly  smaller 
than  the  SAW  velocity  of  silicon  (4920  m/s).  Dis¬ 
persion  causes  phase  distortion  of  the  wave  and  can 
thus  limit  the  usable  bandwidth  to  much  less  than 
the  IDT  bandwidth. 

The  amount  of  dispersion  depends  on  the  slope 
of  the  group  velocity  curve.  The  group  and  phase 
velocities  for  Rayleigh  waves  and  Sezawa 
waves  (Fig.  11)  are  shown  for  the  ZnO(100)Si 
structure.  The  slope  of  the  group  velocity  curve 
is  small  at  the  position  of  the  second  peak  in 
Av/v  for  Rayleigh  waves;  however,  the  slope  is  sig¬ 
nificant  for  Sezawa  wave  devices  and  for  Rayleigh 
wave  devices  using  the  first  Av/v  peak.  The 
Sezawa  wave  group  velocity  in  an  8  urn  ZnO/(100)Si 
device  was  measured  and  is  shown  in  Fig.  11.  The 
experimental  and  theoretical  results  are  in  good 
agreement  except  for  aconstant  overall  factor 
of  -95  . 


The  analytic  effects  of  dispersion  in  a  convol¬ 
ver  have  been  treated  by  Morgan.  s  He  found  that 
the  convolution  output  of  a  dispersive  convolver  is 
the  convolution  of  (1)  the  output  in  the  absence  of 
dispersion  with  (2)  a  complex  chirp  function  whose 
time  constant  is 


C 
d<a  i 


where  l  is  the  length  of  the  interaction  region. 
For  the  Sezawa  wave  convolver  considered, 
t  ■  .038  us  .  Consequently,  the  maximum  usable 
bandwidth  is  of  the  order  of  25  KHz  .  Morgan's 
analysis15  is  applicable  to  amplitude  modulated 
signals  such  as  the  Barker  code  compression  experi¬ 
ments  discussed  earlier.  For  chirp  compression, 
an  analysis  of  the  phase  distortion  reveals  that 
for  2S  Mz  chirps,  the  pulse  width  should  broaden 
to  50  ns  for  a  ZnO/Si  Sezawa  wave  convolver  with 
an  interaction  length  of  1.6  cm  .  Thus,  the  con¬ 
volver  experimental  results  where  an  output  pulse 
width  of  44  ns  and  a  time  bandwidth  product  of 
68  was  obtained  probably  represent  an  upper  limit 
to  the  usable  time  bandwidth  product. 


Figure  11  -  Dependence  of  group  velocities  on  nor¬ 
malized  frequency  hw  .  h  is  the  ZnO 
film  thickness  for  the  Zn0/(100)$i 
system 

There  are  a  number  of  ways  to  use  the  storage 
correlator  in  a  pulse  compression  application. 

Eight  way*  to  correlate  two  codes  are  shown  in 
Fig.  12.  There  are  eight  additional  ways  that  two 
codes  can  be  convolved  which  are  equivalent  to  the 
eight  listed  in  Fig.  12. 

Consider  one  particular  mode  of  operation 
(underlined  in  Fig.  12)  where  one  code  is  sent  into 
the  acoustic  port  (A)  and  stored,  and  a  second  code 
is  sent  into  acoustic  port  A  to  readout  the  corre¬ 
lation.  Both  codes  undergo  the  same  distortion, 
and  the  correlation  peak  is  not  significantly  broad¬ 
ened.  Using  an  analysis  similar  to  Margan's*5  the 
output  is  Vout  •  Vo  *  sinc2(t/t)  where  Vq  is 
the  output  for  no  dispersion,  *  stands  for  con¬ 
volution,  and  T’1  •  wo  ♦  Vgg/(dVg/dw)wo  •  for  a 
Sezawa  wave  device,  t  •  1.7S  x  10*19  s  ,  so  the 
distortion  is  negligible.  Note  however,  that 
unlike  a  convolver,  attenuation  will  affect  the 
output,  and  pulse  broadening  can  occur.  For 
instance,  if  up  chirps  are  used,  the  high  frequency 
end  travels  the  farthest,  and  the  high  frequency 
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components  of  both  chirps  are  decreased,  which  for 
significant  amounts  of  attenuation  results  in  pulse 
broadening.  This  is  not  a  significant  problem  m 
our  devices  when  the  frequencies  are  in  the  100  to 
200  FHz  range  and  travel  lengths  of  several  centi¬ 
meters.  However,  this  places  a  limit  on  the  maxi¬ 
mum  time  bandwidth  product.  The  loss  in  ZnO 
increases  as  f2  and  is  roughly  10  dB/ca  at 
300  W1216,  so  a  time  bandwidth  product  of  1000 
is  definitely  an  upper  limit  for  monolithic 
ZnO/Si  storage  correlators. 
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Figure  12  -  Effects  of  dispersion  and  attenuation 
on  the  different  modes  of  operation 

From  Fig.  12,  we  see  that  any  time  the  storage 
correlator  is  used  as  a  two-port  device,  dispersion 
is  not  a  problem,  but  attenuation  night  be  a  prob¬ 
lem.  If  all  three  ports  are  used,  the  opposite  is 
true  This  would  explain  the  storage  correlator 
experimental  result  given  above  that  for  identical 
inputs,  the  time  bandwidth  product  was  S00  for 
three  port  operation  and  1000  for  two  port  opera¬ 
tion. 


4  Conclusions 

Broadband,  efficient  Sezawa  wave  convolvers 
and  correlators  have  been  demonstrated  in  a  number 
of  experiments.  It  was  shown  that  dispersion  does 
not  limit  the  usable  time  bandwidth  product  for 
convolvers  where  TB  is  less  than  70  ,  and  that 
this  is  in  agreement  with  predictions  based  on 
jjroup  velocity  data.  The  effect  ot  dispersion  on 
the  usable  time  bandwidth  product  for  storage 
correlators  depends  on  the  mode  of  operation,  and 
with  the  optimum  modes,  much  larger  time  bandwidth 
products  may  be  obtained  than  with  monolithic 
convolvers 
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MONOLITHIC  ZnO  ON  Si  SCHOTTKY  DIODE  STORAGE  CORRELATOR 


R.  L.  Thornton  and  G.  S.  Kino 


Edward  L.  Ginzton  Laboratory 
Stanford  University 
Stanford,  California  94305 


Abstract 

In  this  paper,  we  describe  a  monolithic  Schottky 
diode  ASW  storage  correlator.  The  device  is  fabri¬ 
cated  using  the  ZnO  on  Si  technology,  with  the  ZnO 
film  being  deposited  by  sputter  deposition  in  an 
rf  magnetron  discharge  system. 

The  device  operates  on  the  first  order  Rayleigh 
mode  at  a  frequency  of  125  MHz  and  employs  a  ZnO 
film  1.6  ua  in  thickness,  with  1000  X  of  sputter 
deposited  S102  between  the  diode  array  and  the  ZnO. 

Using  PtSl  Schottky  barrier  diodes  as  the  stor¬ 
age  elements,  it  is  possible  to  store  a  signal 
efficiently  within  a  single  rf  cycle.  This  is  a 
major  improvement  over  the  pn  diode  configuration, 
which  needs  10  to  100  rf  cycles  for  efficient  stor¬ 
age. 

The  device  has  a  convolution  efficiency  of 
-60  dBm  and  a  correlation  efficiency  of  -64  dBm 
when  operated  in  the  acoustic  to  plate  readout  mode. 


1.  Introduction 

The  monolithic  storage  correlator  is  a  device 
that  has  received  a  good  deal  of  attention  in 
recent  years, and  the  theory  of  operation  for 
the  device  has  been  explored  in  some  detail.3*4  In 
the  past,  the  dominant  structure  for  such  devices 
has  used  p-n  diodes  as  the  storage  elements.  P-N 
diodes  have  finite  recombination  times  for  injected 
minority  carriers  which  are  usually  longer  than  the 
duration  of  one  rf  cycle.  For  this  reason,  it  is 
almost  always  necessary  to  use  read-ln  signals  c*f 
several  rf  cycles  duration  in  order  to  reach  the 
point  at  which  the  efficiency  of  the  device  satur¬ 
ates. 

In  this  report,  we  describe  a  monolithic  stor¬ 
age  correlator  fabricated  using  Schottky  diodes  as 
the  storage  elements.  Since  Schottky  diodes  are 
majority  carrier  devices,  they  are  ’'faster"  than 
p-n  diodes  in  the  sense  that  they  are  not  recombina¬ 
tion  time  limited  and  can  therefore  be  made  to  reach 
saturation  within  a  single  rf  cycle.  This  gives 
Schottky  diode  devices  an  advantage  over  p-n  diode 
devices  in  applications  requiring  high  resolution 
waveform  storage. 


The  Schottky  diode  correlator  described  here 
was  fabricated  by  employing  the  ZnO  on  Si  structure, 
first  used  successfully  in  the  fabrication  of  con¬ 
volvers  and  p-n  diode  correlators.3*3  The  device 
has  demonstrated  its  ability  to  store  a  waveform 
within  a  single  rf  cycle  and  with  an  efficiency 
comparable  to  that  of  p-n  diode  correlators.  It 
has  the  important  advantage  over  the  equivalent 
air-gap  device  that  the  input  voltage  required  on 
the  plate  to  turn  on  the  diodes  is  almost  2  ordors 
of  magnitude  lower,  and  no  pre-charging  signal  is 
required. 

2.  Fabrication  Process 

The  device  shown  in  Fig.  1  was  fabricated  on 
10  ft-cm  <1U>  silicon  using  platinum  silicide  as 
the  metallization  for  the  Schottky  terriers.  Plat¬ 
inum  silicide  is  particularly  well-suited  to  this 
purpose  for  several  reasons. 


Figure  1  -  Schematic  diagram  of  monolithic  Schottky 
diode  storage  correlator 

First  of  all,  the  PtSl  technology  can  produce 
self -aligning  diode  structures,  making  it  possible 
to  fabricate  diode  arrays  with  4  pm  spacing.  This 
is  done  by  etching  the  required  windows  in  an  oxide 
layer  that  has  been  thermally  grown  to  1000  X  , 


B-l 


Thornton  and  Kino 


depositing  platinum  over  the  entire  wafer,  and 
annealing  at  460*C  for  10  minutes.  Platinua 
reacts  with  Silicon  to  for*  platinua  silicide  in 
the  areas  where  it  is  in  contact  with  the  sili¬ 
con,  but  the  Si<>2  acts  as  a  barrier  to  the  reac¬ 
tion  everywhere  else.  All  that  is  left  then  is 
to  etch  away  the  remaining  free  platinua,  leaving 
behind  the  platinua  silicide  Schottky  barriers. 

The  second  reason  for  tho  desirability  of 
PtSi  has  to  do  with  the  fact  that  it  forms  one  of 
the  highest  known  barrier  heights  to  n-type 
silicon,  on  the  order  of  .86  volts,  and  there¬ 
fore  will  provide  lower  leakage  currents  and  longer 
storage  times  than  most  other  Schottky  diodes  on 
silicon. 

Tho  third  and  perhaps  most  important  reason 
for  the  use  of  the  platinum  silicide  has  to  do 
with  the  fact  that  the  platinua  silicide  film 
formed  is  stable  up  to  abrut  900*C  .  This  is 
essential  because  of  the  necessity  to  heat  the 
entire  device  to  temperatures  on  the  order  of 
S00°C  in  order  to  perform  the  ZnO  deposition  which 
will  bo  discussed  later.  Many  other  metals  that 
form  Schottky  barriers  to  silicon,  such  as  aluminum 
and  gold,  deteriorate  into  undesirable  alloys  or 
doped  contacts  at  these  temperatures. 

Once  the  Schottky  barriers  are  formed,  they  are 
covered  with  an  insulating  layer  of  sputter-depos¬ 
ited  Si02  ,  the  purpose  of  which  is  to  provide  a 
high  quality  insulator  between  the  diodes  and  the 
metal  top-plate.  The  ZnO  film  itself  provides  a 
large  degree  of  insulation,  having  resistivities 
typically  in  the  range  of  1010  to  1012  Q-cm  . 

The  lower  end  of  this  resistivity  range,  however, 
corresponds  to  a  maximum  storage  time  of  10  ms  , 
in  which  case  the  leaky  ZnO  would  limit  the  storage 
time  in  the  device.  The  Si02  layer  ensures  that 
the  limitation  on  storage  time  is  due  only  to  the 
diode  leakage. 

It  has  been  found  that  the  process  of  deposit¬ 
ing  the  SiO?  layer  can  produce  a  drastic  shift  in 
the  threshold  voltage  of  the  MQS  diodes  in  the 
region  between  the  Schottky  diodes.6  Depending  on 
the  polarity  of  this  charge,  the  surface  of  the 
silicon  can  be  driven  either  into  accumulation  or 
inversion.  Inversion  must  be  strictly  avoided  as 
it  will  result  in  very  large  leakage  currents. 

Both  directions  of  drift  are  undesirable  in  the 
sense  that  they  can  result  in  having  to  apply  large 
(and  perhaps  unattainable)  bias  voltages  to  the 
device  in  order  to  reach  the  flatband  or  partially 
depleted  region,  where  the  convolution  or  correla¬ 
tion  efficiency  will  be  greatest. 

Ne  have  found  that  annealing  sputter-deposited 
Si02  in  forming  gas  for  approximately  two  hours  can 
result  in  a  drastic  improvement  in  the  C-V  charac¬ 
teristic  of  the  devices.  Figure  ’a  shows  the  C-V 
characteristic  of  a  film  with  1000A  of  sputtered 
S1O2  before  annealing,  and  Fig.  2b  shows  that  same 
film  after  annealing.  Note  not  only  the  factor  of 
2  reduction  in  threshold  voltage  but  also  the 
reduction  in  the  area  of  the  mobile  ion  hysteresis 
loop.  He  have  also  observed  very  dramatic 
increases  in  diode  reverse  leakage  currents  after 


sputtering  Si02»  followed  by  equally  dramatic 
reductions  in  leakage  currents  after  the  annealing 
process.  Both  of  these  experiments  tend  to  indi¬ 
cate  that  the  problem  is  indeed  one  of  charge 
trapped  in  the  oxide  layer. 


Figure  2  -  Typical  C-V  characteristics  of  gold 
sputtered  Si02-thenul  Si02-silicon 
M3S  capacitor  (a)  before  and  (b)  after 
annealing  for  two  hours  in  forming  gas. 
Note  change  in  scale  between  the  two 
graph?  and  significant  shift  in  thresh¬ 
old  voltage  after  annealing 

The  ZnO  deposition  process  is  carried  out  in  an 
rf  magnetron  sputtering  station.  Detailed  charac¬ 
terization  of  the  deposition  parameters  in  this 
station  is  covered  elsewhere  in  these  conference 
proceedings.7  Typical  deposition  parameters  for 
the  process  involve  heating  the  substrates  to  a 
temperature  of  4S0*C  in  a  7  micron  oxygen 
atmosphere  and  sputtering  with  an  rf  power  of 
1.2S  kw  . 

We  have  performed  experiments  to  determine  the 
effect  of  the  ZnO  sputter-deposition  on  the  leakage 
currents  in  our  Schottky  barrier  diodes.  These 
experiments  indicate  that  the  deterioration  of 
diode  quality  due  to  ZnO  deposition  is  relatively 
small,  manifesting  itself  in  a  slight  lowering  of 
barrier  height  from  .86  ♦  01  volts  to  .8S  ♦  .01 
volts.  Moreover,  these  sTTifts  are  observed 
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independent  of  whether  or  not  the  diode  measured  is 
physically  shielded  fro*  the  plasma  or  not. 

These  two  results  can  be  explained  very  well  by 
the  supposition  that  ZnO  bombardment  damage  is  not 
so  much  a  factor  in  the  slight  lowering  in  barrier 
height  as  is  the  activation  of  impurities  piled  up 
at  the  PtSi-Si  interface. 

It  has  been  observed  that  when  PtSi  is  formed 
by  thermal  annealing  of  Pt  on  Si,  the  impurity 
dopants  in  the  consumed  silicon  will  tend  to  be 
excludod  from  the  PtSi  and  will  "pile  up"  at  the 
PtSi-Si  interface.8*9  At  an  annealing  temperature 
in  the  PtSi  formation  furnace  of  460*C  ,  the 
annealing  time  of  10  minutes  is  not  sufficient 
to  fully  activate  these  impurities  electronically. 
Therefore  when  the  samples  are  placed  in  the  ZnO 
deposition  system  at  450*C  for  typically  one  to 
two  hours,  the  piled  up  impurities  are  electroni¬ 
cally  activated  and  begin  to  contribute  to  barrier 
lowering.  Thus,  the  heating  in  the  deposition 
station  Is  a  more  significant  factor  than  the 
plasma  when  one  considers  deterioration  of  the 
diodes,  but  the  deterioration  is  not  so  severe  as 
to  make  the  diodes  unusable. 

After  the  sputter  deposition  of  the  ZnO,  metal¬ 
lization  for  top-plates  and  transducers  is  per¬ 
formed  using  standard  photolithographic  techniques. 

Figure  3  is  a  photograph  of  a  device  completely 
fabricated  and  ready  for  bonding  of  the  transducers 
and  packaging  for  operation. 


Figure  3  -  Monolithic  Schottky  diode  storage  corre¬ 
lator  ready  for  bonding  and  packaging. 

3.  Device  Operation 


In  first  characterizing  this  device,  its  per¬ 
formance  as  a  delay  line  and  convolver  were  meas¬ 
ured,  and  it  was  found  that  the  insertion  loss  was 
24  dB  ,  and  the  convolution  efficiency  was 
-60. S  dBm  . 

In  order  to  investigate  the  properties  of  the 
device  as  a  correlator,  an  acoustic  to  top-plate 
readout  aode  experiment  was  set  up,  as  shown  in 
Fig.  4.  The  acoustic  stored  waveform  and  acoustic 
readout  waveform  are  -3  us  in  length,  corres¬ 
ponding  to  the  length  of  the  top-plate.  The  stor¬ 
ing  pul so  on  the  top-plate  was  1  nS  in  width, 
which  is  small  when  compared  to  one  rf  cycle,  which 
is  8  nS  in  duration. 


‘W'-'Hi — Hi 


T0J-M.ATC  OOST  - 
IH*JT  ANO  OUTPUT 


4-U 


*o  »i  »t  *> 


Figure  4  -  Set  up  for  acoustic  to  plate  readout 
experiment  t\  «  to  ♦  4  ps  , 
t2  •  tQ  ♦  (20  urn  to  storage  time)  , 

tj  s  t2  ♦  4  us 


Figure  5  shows  the>  output  on  the  top-plate  when 
both  acoustic  waveforms  are  rectangles.  From  the 
peak  height  of  the  triangle  output,  we  conclude 
that  we  have  a  correlation  efficiency  of  -64  dBm  . 
This  is  close  to  the  best  efficiency  ever  reported 
for  a  ZnO  on  silicon  storage  correlator10  with  the 
exception  of  waveguided  correlators.11  The  good 
linearity  of  the  sides  of  the  triangle  in  Fig.  5 
indicates  that  the  correlation  interaction  is  also 
quite  uniform  over  the  length  of  the  device. 


We  have  fabricated  Schottky  diode  correlators 
using  the  above  procedure  in  order  to  demonstrate 
the  fast  storage  properties  of  Schottky  diodes  in 
a  monolithic  structure. 

The  device  operates  at  a  center  frequency  of 
122  MU  .  The  acoustic  wavelength  is  32  um  at  the 
center  frequency,  and  the  interdigital  transducers 
are  10  finger  pairs  in  length.  In  order  to  maxi¬ 
mize  the  first  order  Rayleigh  mode  coupling,  the 
thickness  of  tho  ZnO  film  was  1.6  um  .  The  diode 
array  consisted  of  diodes  4  um  in  width  with  an 
inter-diode  spacing  of  4  p  .  The  width  of  the 
szoustit  transducers  and  the  diode  array  were  both 
i  mm  . 


The  output  correlation  is  a  strong  function  of 
applied  top-plate  pulse  amplitude  only  over  ?  small 
range  of  top-plate  pulse  amplitudes.  Figure  6 
s*  *  the  measured  dependence  of  the  acoustic  out- 
yut  voltage  on  the  amplitude  of  a  4  nS  pulse.  It 
can  be  seen  that  the  "threshold"  for  efficient 
storage  is  about  2  volts,  and  above  this  threshold 
the  output  slowly  decreases  when  the  pulse  height 
is  further  increased.  This  voltage  is  almost  2 
orders  of  magnitude  smaller  than  the  voltage 
required  to  produce  similar  operation  in  the 
LiNbOj  separate  medium  Schottky  diode  correlator. *2 

We  have  varied  the  width  of  the  storing  pulse 
and  have  found  that  the  correlation  efficiency  is 
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a  strong  function  of  both  the  width  of  the  storing 
pulse  and  the  exact  shape  of  the  pulse  at  its  peak. 
The  maximum  efficiency  for  this  device  occurs  when 
the  storing  pulse  is  as  short  as  our  setup  would 
allow,  on  the  order  of  1  nS  .  This  observation 
leads  us  to  the  conclusion  that  the  recombination 
tine  effects  which  are  synptonatic  of  the  p-n 
diode  correlator  are  indeed  negligible  in  the 
Schottky  diode  correlator  at  these  frequencies. 


/ 

N 

jr 

y 

/ 

Figure  S  -  Autocorrelation  of  two  square  pulses 
"5  ys  in  length  ,  1  ys/div 


Figure  6  -  Relative  correlation  output  versus  pulse 
amplitude  of  a  4  nS  top-plate  storing 
pulse 

We  have  also  measured  the  storage  time  of  this 
device.  Figure  7  shows  the  output  of  the  device 
when  a  rectangular  wavefora  is  stored  and  an 
extreaely  wide  readout  pulse  of  greater  than  20  as 
duration  is  used.  In  this  experlaent  there  was  no 
DC  bias  on  the  top-plate,  h'e  can  see  the  envelope 
of  the  decay  in  the  anplitude  of  the  output  corre¬ 
lation  and  can  conclude  that  the  3  dB  decay  stor¬ 
age  tine  of  the  device  is  7.5  as  ,  although  after 
14  asec  ,  the  output  correlation  is  still  aore  than 
25  dB  above  the  noise  level. 


Figure  7  -  Decay  envelope  of  correlation  oufput 
demon st rating  storage  tiae  of  device. 
2  as/div 


To  demonstrate  the  ability  of  this  device  to 
perform  correlations  of  aore  complicated  waveforms, 
we  have  set  up  experiments  with  various  bi-phase 
codes.  First  in  Fig.  8,  is  the  autocorrelation  of 
a  7  bit  Barker  code,  which  does  show  the  theor¬ 
etical  sldelobe  suppression  level  and  pulse  com¬ 
pression  ratio,  with  some  feedthrough.  In  Fig.  9, 
we  have  the  autocorrelation  of  a  S  bit  alternat¬ 
ing  phase  bitstream.  Also  in  this  photograph  the 
individual  lobes  are  in  agreement  with  their  theor¬ 
etical  form,  and  the  signal  is  produced  with  maxi¬ 
mum  device  efficiency.  These  experiments  would  be 
possible  with  a  p-r.  diode  correlator  only  if  the 
storing  pulse  were  narrowed  to  prevent  smearing  of 
the  output  waveform,  which  would  result  in  a  signifi¬ 
cant  reduction  in  efficiency  for  typical  p-n  diode 
correlator  configurations. 


Figure  8  -  Autocorrelation  of  a  7  bit  Barker  code 
1  psec/div 


We  have  observed  this  storage  time  to  be  depen¬ 
dent  on  the  DC  bias  applied  to  the  top-plate,  with 
positive  bias  increasing  the  storage  time  and  nega¬ 
tive  bias  decreasing  it.  This  is  indeed  bias  depen¬ 
dence  we  should  expect,  since  negative  bias  tends 
to  invert  the  surface,  making  the  surface  p  type 
with  its  corresponding  very  low  barrier  height  of 
.25  volt. 


4.  Conclusions 

In  conclusion,  we  note  that  we  have  designed 
and  successfully  fabricated  a  monolithic  Schottky 
diode  storage  correlator.  The  device  exhibits  % 
correlation  efficiencyof  -64  dBm  ,  which  compares 
favorably  with  the  most  efficient  non-wavegutded 
ZnO  on  Si  correlator. 
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Figure  9  -  Autocorrelation  of  a  S  bit  ♦  -  ♦  -  ♦ 
code  bitstream.  1  ysec/div 


Me  have  demonstrated  the  ability  of  this  device 
to  acquire  an  exact  copy  of  an  rf  waveform  within 
one  rf  cycle  in  this  highly  efficient  manner  and  to 
do  so  with  a  storage  time  of  at  least  7.5  as  . 
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Abstract 

A  planar  magnetron  system  is  used  to  sputter 
zinc  o^ide  on  a  variety  of  substrates.  A  zinc 
target  is  used,  and  sputtering  is  done  in  an  oxygen 
atmosphere.  The  zinc  oxide  films  are  evaluated  by 
bulk  and  surface  acoustic  measurements,  scanning 
electron  microscopy,  reflection  electron  diffrac¬ 
tion,  x-ray  diffraction,  surface  roughness,  etching 
rate,  and  resistivity  measurements.  Zinc  oxide 
films  aro  grown  on  a  variety  of  substrates  such  as 
gold,  aluminum,  platinum,  and  oxidized  (111)  and 
(100)  silicon.  Highly  oriented  films  are  obtained 
on  all  the  substrates  with  a  typical  standard  devi¬ 
ation  in  the  rocking  curves  of  the  order  of  0.2  - 
0.5®  .  Typical  sputtering  parameters  are:  rf 
power  >  1  -  1.25  kw  ,  sputtering  rate  ■  10  -  20  ua 
per  hour,  oxygen  partial  pressure  •  5  •  7  ua  ,  sub¬ 
strate  temperature  ■  450  -  500®C,  and  target-to- 
substrate  spacing  •  4  -  7  cm  . 


In  the  last  two  to  three  years,  planar  magnetron 
systems  have  been  used  to  sputter  well  oriented 
(c-axis  normal)  zinc  oxide  (ZnO)  films  on  a  variety 
of  substrates, l*2  Planar  magnetron  sputtering 
offers  several  advantages  over  the  usual  diode  or 
triade  sputtering.  Namely,  the  sputtering  rates 
are  higher,  and  the  process  control  is  easier 
because  electron  bombardment  of  the  substrate  is 
reduced,  thus  allowing  for  better  control  of  the 
substrate  temperature.3 

In  this  work,  we  use  a  planar  magnetron  system 
with  a  zinc  target  and  carry  out  the  sputtering  in 
an  oxygen  atmosphere.  A  schematic  diagram  of  the 
sputtering  head  is  shown  in  Fig.  1.  The  additional 
advantages  gained  in  such  a  system  are:  first,  the 
zinc  and  oxygen  used  can  be  more  pure  than  a  ZnO 
target,  and  second,  the  zinc  target  has  a  better 
thermal  conduction  than  a  zinc  oxide  target.  Thus, 
larger  amounts  of  rf  power  can  be  supplied,  which 
gives  a  still  higher  sputtering  rate. 

The  quality  of  the  ZnO  films  is  ceterained  by 
using  x-ray  diffraction,  x-ray  rocking  :  rve, 
reflection  electron  diffraction,  scanning  electron 
microscopy,  resistivity,  surface  roughness,  etching 
rate,  and  acoustic  measurements. 

ZnO  films  were  sputtered  on  gold,  aluminum, 
platinum,  fused  quartz,  thermally  oxidized  (111) 


silicon,  thermally  oxidized  (100)  silicon,  and 
thermally  oxidized  p+  regions  in  (100)  silicon. 
These  substrates  are  used  for  a  variety  of  bulk 
wave  and  surface  wave  devices. 


Figure  1  -  Schematic  diagram  of  the  planar  magnetron 
sputtering  head. 


Typical  sputtering  conditions  are:  oxygen 
pressure  •  5  7  um  ,  substrate  temperature  •  4  50  - 

500*C  ,  target-to-substrate  spacing  ■  4  -  7  cm  , 
rf  power  -  1  -  i.2S  kw  ,  magnetic  field  strengh  * 
ISO  G  ,  and  a  sputtering  rate  of  10  -  20  um  per 
hour.  The  best  ZnO  films  obtained  to  date  were 
deposited  under  the  following  conditions-  oxygen 
pressure  «  7  um  ,  substrate  temperature  ■  SOC^C  , 
target-to-substrate  spacing  -  4.2  cm  ,  rf  power  » 
1.25  kw  ,  and  a  sputtering  rate  of  18  um  per  hour. 
Table  1  shows  an  x-ray  profile  of  the  quality  of 
the  films  obtained  for  such  a  set  of  sputtering 
conditions  on  the  various  substrates  used.  Included 
in  Table  1  is  an  x-ray  profile  of  a  naturally  occur¬ 
ring  single  crystal  piece  of  ZnO  (Zincite). 

The  x-ray  measurement  of  Zincite  is  used  as  a 
calibration  of  our  diffractometer  and  as  a  refer¬ 
ence  for  our  sputtered  films.  It  is  seen  m  Table  1 
that  the  standard  deviation  in  the  rocking  curve  of 
Zincite  is  or>c>  *  .21®  ,  and  the  full  width  at 
half  maximum  (FWM)  of  the  (0002)  and  (0004)  peaks 
is  IS®  The  x-ray  profile  of  Zincite  is  used  as 
a  measure  of  instrumental  broadening.  Assuming  that 
the  x-ray  diffractometer  traces  are  Gaussian,  the 
x-ray  profile  of  Zincite  should  be  subtracted  from 
that  of  the  sputtered  films  to  obtain  their  true 
profile.  The  quality  of  the  ZnO  films  on  A1  and 
Pt  is  not  as  good  as  the  quality  of  the  films  on 
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the  other  substrates  because  both  metal  films  were 
not  well  oriented.  We  conclude  that  well  oriented 
metal  back  electrodes  are  necessary  for  the  growth 
of  well  oriented  ZnO  films.  Figure  2  shows  ar. 
x-ray  diffractometer  result  from  a  4  ym  ZnO  film 
grown  under  optimum  deposition  conditions  on  oxi¬ 
dized  (111)  silicon.  Note  that  the  Cu-ka^  and 
Cu-kcx2  lines  are  clearly  split.  Figure  3  shows 
an  x-ray  rocking  curve  result  of  the  film  in 
Fig.  2.  It  is  seen  from  the  x-ray  results  that 
the  sputtered  ZnO  films  have  an  excellent  orienta¬ 
tion  with  the  c-axis  normal  to  the  surface  of  the 
substrate. 

Table  1 

X-ray  profile  of  ZnO  films  deposited  under  optimum 
conditions 


Substrate 

FWHM 

(0002) 

If 

u.  0 

1(0004)  4 

I (0002 

0* 

r.c. 

A1 

0.31 

0.75 

10.9 

1.10 

AU 

0.19 

0.50 

7.5 

0.47 

Pt 

0.24 

0.55 

8.6 

0.94 

Si02 

Si  (111) 

0.19 

0.45 

9.7S 

0.52 

SiO, 

Si  tlOO) 

0.37 

0.6S 

8.4 

0.76 

Zincite 

0.19 

0.19 

17.0 

0.21 

Figure  2  -  X-ray  diffraction  trace  of  a  c-axis 

normal  ZnO  film  on  a  S^/Si  substrate. 

Figure  4  shows  a  reflection  electron  diffraction 
(RED)  result  of  the  film  of  Fig.  2.  The  spots  in 
the  RED  pattern  correspond  to  diffraction  planes  in 
the  film.  Note  that  the  large  number  of  spots 
observed  and  their  sharpness  are  indicative  of  the 
excellent  quality  of  the  films  obtained 

Figure  5  shows  a  scanning  electron  microscope 
picture  on  a  fracture  edge  for  the  film  of  Fig.  2. 
Again,  the  smooth  texture  of  the  growth  is  indica¬ 
tive  of  the  high  quality  of  the  ZnO  film.4 


Figure  3  -  X-rocking  curve  of  the  (0002)  plane  of 
the  ZnO  film  in  Fig.  2, 


Figure  4  -  Reflection  electron  diffraction  pattern 
of  the  ZnO  film  in  Fig.  2. 


The  dc  resistivity  of  the  ZnO  films  gi-own 
under  all  sputtering  conditions  was  measured,  and 
the  value  of  the  resistivity  ranged  from  10*0  to 
10*-  ohm-cm  This  high  value  of  resistivity  makes 
our  ZnO  film  very  suitable  for  acoustic  device 
appl icat ions . 

ZnO  i ilms  were  etched  in  a  CH3COQH  H3PO4  H2O 
solution  in  the  proportion  of  l:x:l  For 
x  10’S  ,  the  etching  rate  was  constant  and  equal 
to  60  X/scc  .  For  x  _>  10‘3  ,  the  etching  rate  was 
also  constant  and  equal  to  320  X/sec  .  The  slow 
etching  rates  observed  indicate  that  the  films  are 
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dense  and  possibly  close  to  the  theoretical  density 
of  ZnO. 


Figure  S  -  Scanning  electron  microscopy  picture  of 
a  fracture  edge  of  the  ZnO  fila  in 
Fig.  2. 

The  surface  roughness  of  a  ZnO  fila  grown  under 
optimua  deposition  conditions  was  aeasured  as  shown 
in  Fig.  6.  For  the  region  where  the  Zr.O  was  grown 
on  oxidized  silicon,  the  average  surface  roughness 
is  of  the  order  of  ^  SO  A  ■  For  the  region  where 
the  ZnO  fila  was  grown  on  diffused  p^n  diodes,  the 
surface  follows  the  profile  of  the  thermal  oxide 
grown  on  the  p*  and  n  regions,  as  shown  in  the 
Lower  part  of  Fig.  6.  It  is  seen  that  the  films 
are  very  smooth  and  should  be  suitable  for  optic 
and  acousto -optic  applications. 

SURFACE  ROUGHNESS 


Figure  6  -  Surface  roughness  profile  of  a  ZnO  film 
on  Si02/Si  and  on  p*n  diode  in  Si. 

Acoustic  measurements  were  also  used  to  char¬ 
acterize  the  ZnO  films.  A  bulk  wave  delay  line  on 
a  sapphire  buffer  rod  is  made  for  every  ZnO  run. 
The  tuned  round  trip  insertion  loss  of  the  delay 
line  is  measured  and  used  to  characterize  the  ZnO 


fila.  Table  2  summarizes  the  results  for  different 
delay  lines  on  a  sapphire  buffer  rod  2  am  long 
operating  at  different  center  frequencies.  Again, 
these  results  indicate  that  the  ZnO  films  are  highly 
oriented.  Surface  wave  convolvers  and  correlators 
on  (111)  and  (100)  Si  substrates  were  made  using 
this  sputtering  technique.  The  convolver  effi¬ 
ciency,  Fp  ■  P3/PXP2  »  where  P3  is  the  output 
power  and  Pp  and  Pg  the  input  powers  to  the 
transducers,  is  used  to  characterize  the  ZnO  films. 
The  efficiencies  obtained  are  the  best  reported  to 
date  and  indicate  excellent  quality  for  the  ZnO 
filas.  Table  3  summarizes  these  results.5* 6 

Table  2 

Tuned  round  trip  insertion  loss  for  various  bulk 


wave  delay  lines 

Center  Frequency  (Hi:) _ Loss  (dB) 


300  3 

600  S 

1000  7 

2000  11 

4000  16 


Table  3 


External  convolution  efficiencies  for  various 
acousto electric  convolvers 


Convolver  Type 

Center  Frequency  (tfiz) 

Ft  dBa 

Rayleigh  wave 

125 

-55 

Waveguide  Rayleigh 

125 

-44 

wave 

Sezawa  wave 

160 

-50 

Highly  oriented  ZnO  filas  are  obtained  using 
reactive  sputtering  of  ZnO  in  a  planar  aagnetron 
systea.  Very  high  sputtering  rates  (10  -  20  pa 
per  hour)  are  typical,  and  excellent  quality  filas 
are  obtained  on  a  variety  of  substrates.  Sub¬ 
strate  temperature  control  is  dominated  by  the  sub¬ 
strate  heater,  thus  allowing  greater  control  on  the 
deposited  film. 
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Abstract 

The  basis,  design  criteria  for  SAW  transducers  is 
typically  a  flat  frequency  response.  The  basic 
design  criteria  for  bulk  wave  transducers  in  nondes¬ 
tructive  evaluation  and  aedical  laaging  is  the  com¬ 
pactness*  of  the  iapulse  response.  This  criteria  is 
different  from  the  usual  flat  frequency  response 
criteria  because  a  flat  bandwidth  does  not  necessar¬ 
ily  Imply  a  coapact  impulse  response.  Alliterative 
optimization  program,  based  on  a  least  aean  square 
algoritha,  has  been  developed  and  used  to  siaultan- 
eously  optimize  aatching  networks  and  acoustic  par¬ 
ameters  to  achieve  either  of  the  above  design  cri¬ 
teria.  The  optiaizatlon  is  first  illustrated  in  the 
frequency  domain  for  an  IDT  transducer.  Then  the 
optimization  is  done  in  the  time  domain  for  a  bulk 
wave  transducer  with  the  criterion  of  reducing  the 
length  of  the  impulse  response.  The  impulse  res¬ 
ponse  is  thus  reduced  from  about  IS  cycles  to  3 
cycles  and  has  an  almost  Gaussian  frequency  response. 
The  increase  in  the  round  trip  insertion  loss  of  the 
transducer  due  to  the  tuning  is  of  the  order  of  a 
rcw  dB.  Transducers  have  been  constructed  at  5  and 
35  MU  with  a  backing  of  epoxy  (Z  •  3  kg/ sec) 
and  no  front  matching  layer.  The  agreement  between 
theory  and  experiment  is  excellent. 


1.  Introduction 

A  number  of  techniques  have  been  developed  to 
design  broadband  flat  frequency  response  matching 
networks1’4  for  acoustic  transducers.  The  load  is 
usually  modeled  as  a  resistor  and  capacitor4  or  as 
a  simple  four-element  circuit.4  The  problem  with 
this  approach  is  tndt  the  frequency  response  of 
acoustic  transducers  has  a  resonance  characteristic 
which  is  difficult  to  accurately  mimic  with  the  use 
of  fixed  component  networks.  In  most  cases, 
improved  results  can  be  obtained  if  the  network 
suggested  by  one  of  the  techniques  listed  in  Refs. 
1-5  is  used  as  a  starting  point  for  an  optimization 
routine  which  accurately  takes  into  account  the 
frequency  dependent  radiation  resistance  and  reac¬ 
tance.  An  algorithm  is  developed  in  this  paper  for 
that  purpose. 

This  algorithm  is  extremely  flexible  and  can  be 
used  m  the  frequency  domain  or  in  the  time  domain 
to  reduce  the  length  of  the  impulse  response.  The 
use  of  this  algorithm  in  the  design  of  transducers 
with  and  without  acoustic  matching  layers  has 
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resulted  in  impulse  responses  which  are  better  than 
those  obtained  using  any  other  technique.5  In  one 
example  presented  here,  the  impulse  response  of  a 
PZT  transducer  operated  directly  into  water  was 
reduced  from  IS  cycles  to  3  cycles  with  the  use 
of  a  four-element  optimized  tuning  circuit 

2.  Theory 

Consider  the  system  shown  schematically  in 
Fig.  1.  Suppose  the  response  of  the  matching  net¬ 
work  and  load  is  Y(o>)  ,  where  Y(u)  is  any  par¬ 
ameter  which  is  to  be  optimized,  such  as  voltage, 
current,  or  power.  If  the  desired  response  is 
D(u)  ,  then  the  error  in  the  response  is 

E(w)  •  D(w)  -  Y(w)  (1) 

The  response  Y(«)  is  a  function  of  N  adjustable 
real  parameters  Bn  .  These  parameters  are  gener¬ 
ally  matching  network  parameters,  such  as  induc¬ 
tance,  capacitance,  transistor  gain,  etc.  This 
algorithm  can  also  be  used  to  slmulateously  design 
the  transducer  (load)  and  matching  network,  and  in 
this  case,  the  matching  parameters  also  include 
transducer  width,  acoustic  impedance,  quarter  wave 
matching  layer,  apodization,  etc. 
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Figure  1  •  Schematic  drawing  of  source,  matching 
network,  and  load. 


The  square  error  is 

E(u)E*(u)  -  (Y(w)  -  D(a>)  j  [Y*(w)  -  D*(u)}  (2) 

and  the  change  in  the  square  error  due  to  a  change 

iS,,  is 
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f  E(u)E*0 


To  achieve  this  goal,  we  require  that  the  change 
Ae  for  a  change  A8n  be  negative 


f  r2  W(«)‘ 

-  -2A8n  Re  /  <*wE *(«) -  <0  (7) 


There  are  a  number  of  expressions  that  could  be  used 
to  choose  ABq  .  Trom  Eq.  (7)  we  see  that  Ae  will 
be  negative  it  we  choose 


,»[/ 


where  is  a  positive  real  constant.  The  change 
in  rs  then 


E  E 

AS  ■  y  —  •  y  —  (13) 

dY  dE 

dF  dB 

This  is  the  familiar  expression  used  in  Newton's 
method  for  finding  the  aero  of  the  function  E  . 

In  general,  the  surface  e(8i,>  Sg.  .  •  •  8n) 
will  have  a  number  of  local  minima.  Thus,  it  is 
important  to  use  an  appropriate  set  of  starting 
conditions  SnQ  based  on  simple  calculations, 
standard  design  rules,  and  intuition.  This  algo¬ 
rithm  can  then  be  used  to  find  the  local  minimum. 
Alternatively,  a  set  of  starting  conditions  can  be 
used  and  then  thu  various  minima  compared. 

The  analysis  given  above  is  the  same  when  the 
independent  variable  is  frequency,  time,  phase,  or 
any  other  parameter.  For  instance,  consider  the 
case  where  it  is  desired  to  optimize  the  impulse 
response  Y(t)  of  a  transducer.  The  desired 
response  D(t)  could  be  a  one  cycle  sinusoid. 

From  Eq.  (12),  a  good  choice  for  the  change  in  each 
of  the  components  tor  each  iteration  is 


which  is  negative  as  desired. 

One  of  the  conditions  tor  convergence  is  that 
Ac  (10) 


Eq.  (10)  will  he  satisfied  it 


f  f~  J(^k(u)F*((a) 


where  f  is  real  and  0  (  1  .  The  expression 

for  18n  becomes 


However,  the  best  results  were  obtained  when  an 
expression  based  on  Eq.  l§)  is  used  for  ASn  • 


(15) 


where  C  ■  1/S2QJ  E(t)tdt  and  S  is  the  impulse 
peak  amplitude.  In  this  case,  the  algorithm  tries 
to  reduce  the  ripple,  but  also  maximizes  the  trans¬ 
mission.  If  a  larger  exponent  of  S  is  used,  then 
the  importance  of  maximum  transmission  is  empha¬ 
sized.  If  a  smaller  exponent  (I)  is  used,  then 
minimum  ripple  is  emphasized. 


To  calculate  A8n  ,  one  starts  with  the  measured 
or  calculated  transducer  response  and  calculates 
the  insertion  loss  of  the  network  plus  load,  Y(u)  . 
The  Fourier  transform  Y(t)  is  determined,  and 
ASn  is  calculated  from  Eq  (15)  Due  to  the  addi¬ 
tional  task  of  calculating  Foucier  transforms,  the 
optimization  in  the  time  domain  typically  t3kes 
longer  than  optimization  in  the  frequency  domain. 
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However,  as  we  shall  see,  the  impulse  response 
obtained  optimization  in  the  time  domain  is  signi¬ 
ficantly  better. 

3.  Results  and  Discussion 

SAW  Devices 

The  use  of  this  algorithm  will  first  be  illus¬ 
trated  in  the  design  of  a  matching  network  for  a 
SAW  Sezawa  wave  IDT.  The  goal  was  a  frequency  res¬ 
ponse  which  is  between  0  and  l.S  dB  over  the 
frequency  range  146  MU  to  183  MU  .  The  start¬ 
ing  parameters  for  the  optimization  are  given  in 
Table  1.  The  optimization  results  after  1,  10, 

100,  and  130  iterations  are  shown  in  Fig.  2.  The 
optimization  was  stopped  after  achieving  a  l.S  dB 
bandwidth  of  36  MU.  fhe  final  values  of  the  net¬ 
work  components  (Table  1)  are  all  easily  realizable. 
Limits  should  be  placed  on  the  possible  values  of 
the  network  components  during  optimization  so  that 
a  realizable  filter  is  obtained. 

Table  1  -  Values  used  in  optimizing  the  matching 
network  of  a  Sezawa  wave  IDT 

IDT  Parameters:  R  •  2S0  fl  ,  CT  »  .5  pF  ,  Cp  »  .2  pF, 
N  ■  4  ,  W  ■  1  mm  ,  Av/v  *  .028 

Matching  Network  Parameters: 

L1  h  l3  ci  C3 

(WH)  (V«)  (UH)  (pF)  (pp)  (pF) 

Initial  1  .1  ,1  10  10  10 

Final  1.35  .047  .024  8.93  17.7  68.3 


Figure  2  -  The  transducer  mismatch  loss  at  several 
points  in  the  optimization  routine 


This  algorithm  can  be  used  to  simultaneously 
optimize  the  transducer  beaawidth,  number  of 
finger  pairs,  finger  width  to  spacing  ratio,  and 
apodization  dependence,  in  addition  to  optimizing 
the  values  of  the  match1 ng  network. 

Bulk  Wave  Transducer 

The  algorithm  has  been  used  to  design  a  match¬ 
ing  network  for  a  longitudinal  wave  transducer. 

The  transducer  operates  in  water  without  any  match¬ 
ing  layers  and  has  a  lossy  low  impedance  backing, 
namely  epoxy  with  Za  *  3  x  10®  kg/m2-sec  .  Trans¬ 
ducers  have  been  designed  and  built  to  operate  at  a 
center  frequency  of  35  MU  .  The  transducer  mater¬ 
ial  used  is  Murata-PZT  for  the  35  MU  transducer. 
Figure  3  shows  the  insertion  loss  and  impulse  res¬ 
ponse  of  the  3S  MU  transducer,  where  the  active 
area  is  2  m  in  diameter.  The  design  criteria 
used  for  the  circuit  components  was  a  compact 
impulse  response.  A  four-component  matching  net¬ 
work  was  designed  in  the  configuration  shown  in 
Fig.  4.  Figure  4  also  shows  the  theoretical  inser¬ 
tion  loss  and  impulse  response  of  the  transducer 
with  the  proper  matching  network.  Notice  that  the 
band  shape  is  almost  Gaussian  and  that  the  iapulse 
response  was  reduced  from  15  full  cycles  to  3 
full  cycles.  Figure  5  shows  the  experimental 
results  obtained  for  the  transducer.  The  agreement 
between  theory  and  experiment  is  excellent. 


Figure  3  -  Impulse  response  and  frequency  response 
of  35  MU  epoxy  bonded  PZT  transducer 
operating  into  water 


Bulk  Wave  Transducer  Array 

The  algorithm  has  also  been  used  to  optimize 
the  iapulse  response  of  the  transducer  elements  in 
a  linear  array.  Again,  the  design  criteria  used 
was  a  compact  impulse  response.  The  PZT-SH  trans¬ 
ducer  elements  are  resonant  at  a  center  frequency 
of  3  MU  and  have  a  width  of  2S0  urn  ,  a  width- 
to-height  ratio  of  0.6  ,  a  low  impedance  lossy 
backing  Zt  •  3  x  106  kg/m2-sec  ,  and  one  front 
matching  layer.  The  optimized  parameters  in  this 
case  were:  the  transformer  turn  ratio  (match  into 
SO  fl  ),  the  transformer  inductance,  and  the  length 
and  impedance  of  the  matching  layer.  Note  that  in 
this  case  both  electrical  and  acoustic  parameters 
are  optimized.  Figure  6  shows  the  insertion  loss 
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and  impulse  response  of  an  array  elenent  designed 
with  conventional  method5  assuming  a  matched  source, 
namely  f/2fo  *  -9  where  fo  is  the  resonant  fre¬ 
quency  of  the  piezoelectric  ceramic  and  f  is  the 
resonant  frequency  of-athe  matching- layer.  Figure  7 
shows  the  insertion  loss  and  impulse  response  of  an 
array  element  designed  with  our  optimization  pro¬ 
gram.  In  this  case,  the  thickness  of  the  matching 
layer  was  such  that  f/2f(j  was  1.37  ,  and  the 
impedance  of  the  matching  layer  was  4.7  x  106  kg/ 
«2/sec. Notice  that  the  impulse  response  in  Fig.  7 
is  greatly  improved  over  the  impulse  response  of 
Fig.  6* 


Figure  l  -  Optimized  impulse  response  and  frequency 
response  after  30  iterations 


Figure  5  «  Ixpor mental  results  for  the  impulse 


response  with  and  without  matching  net¬ 
work 

4  conclusion 

\  flexible  algorithm  has  been  developed  which 
is  important  to  the  design  of  improved  bulk  and 
surface  acoustic  wave  transducers.  The  impulse 
response  of  a  PZT  transducer  operating  into  water 
was  reduced  from  15  cycles  to  5  cycles  with 
the  use  of  this  algorithm  the  agreement  between 
theory  and  experiment  was  excellent. 


figure  6  -  Impulse  response  and  frequency  response 
of  a  3  MU'  PIT  transducer  with  epoxy 
backing  and  a  single  matching  layer. 
Standard  design  rules  were  used  to  obtain 
matching  laver  parameters 


Figure  7  -  Optimized  impulse  response  and  frequency 
response  of  the  transducer  shown  in 
Fig.  6 
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